We demonstrate efficient control of spin orientation of 29 Si nuclei for specific lattice sites near 31 P donors in silicon crystals. High resolution magnetic resonance experiments were performed at low (100-500 mK) temperatures and in high magnetic field of 4.6 T. We found that excitation of the double electron-nuclear transitions leads via the resolved solid effect to a pattern of narrow holes and peaks in the ESR lines of 31 P. The patterns coincide well with the predictions based on the known superhyperfine interaction of 29 Si with 31 P electron. This method can be used for initialization of qubits based on 29 Si nuclear spins in the idea of all-silicon quantum computer. A similar control of the 29 Si via the Overhauser effect did not produce patterns but a very narrow hole of only 15 mG wide in the ESR line. This is explained by the spin diffusion during the microwave pumping.
We demonstrate efficient control of spin orientation of 29 Si nuclei for specific lattice sites near 31 P donors in silicon crystals. High resolution magnetic resonance experiments were performed at low (100-500 mK) temperatures and in high magnetic field of 4.6 T. We found that excitation of the double electron-nuclear transitions leads via the resolved solid effect to a pattern of narrow holes and peaks in the ESR lines of 31 P. The patterns coincide well with the predictions based on the known superhyperfine interaction of 29 Si with 31 P electron. This method can be used for initialization of qubits based on 29 Si nuclear spins in the idea of all-silicon quantum computer. A similar control of the 29 Si via the Overhauser effect did not produce patterns but a very narrow hole of only 15 mG wide in the ESR line. This is explained by the spin diffusion during the microwave pumping.
Nuclear spins are among the best candidates for qubits of a quantum computer (QC). Long coherence times and well known magnetic resonance techniques for control and read out of the spin state are the main arguments behind the Kanes suggestion [1] of utilizing electron and nuclear spins of phosphorus donors in silicon (Si:P) for this purpose. However, practical realization of this idea meets with the difficulties of manufacturing complicated nanostructures, manipulation and detection of a single spin. Another approach relies on the idea of utilizing large ensembles of identical spins which operate coherently, which greatly enhances the net response of the spin system. Thus a successful 12 qubit operations were realized using nuclear magnetic resonance (NMR) of molecules in liquids [2] . Different spins inside molecules are addressed because of tiny differences in their resonance frequencies caused by the chemical shifts. A similar approach, also based on large spin ensembles, utilizes spectral holes in inhomogeneously broadened spectral lines [3] . In this case spectrally resolved spin packets with different resonance frequencies are selectively addressed.
Spin dynamics of P donors in silicon is strongly influenced by the spin-1/2 29 Si nuclei located inside the relatively disperse 2 nm electron cloud of the donor. For normal isotopic composition (4.7 % of 29 Si) there are about 70 such nuclei inside the electron cloud. Interactions of P electron with them leads to a loss of coherence of the electron spin. Therefore, the presence of 29 Si nuclei was considered as a nuisance and substantial research efforts were directed onto the studies of isotopically purified silicon crystals [4] [5] [6] . However, the spins of 29 Si nuclei can be also used as qubits [7, 8] . Having several 29 Si nuclei with different frequency shifts due to interactions with the donor electron, creates a possibility of addressing them selectively by RF excitation. The number of such qubits is defined by the amount of spectrally resolved positions of 29 Si nuclei inside the donor electron cloud and may exceed several tens. One may utilize ensembles of these qubits for building all-silicon solid state QC in a similar fashion as it was done with the nuclei of molecules in the liquid state NMR QC [2] .
In this work we demonstrate a simple and efficient way of manipulating nuclear spins of 29 Si located in specific lattice sites near 31 P donors. We utilize a method of dynamic nuclear polarization (DNP) based on partial saturation of forbidden double electron-nuclear transitions, the so-called Solid Effect (SE), for preparation of identical spin states in large ensembles of donors. In our attempts of using other DNP method, the Overhauser Effect (OE), we saturated allowed ESR transitions in a narrow regions of inhomogeneously broadened lines. This has led to emergence of narrow spectral "holes" and other peculiar features in the ESR line shape not observed before and related with nuclear polarization of 29 Si. The polarized states of 29 Si survived for many hours. We explain such long life times by locking the spin inside a spin diffusion barrier caused by the dipolar fields of the electron spins of donors.
We used a sample of phosphorus doped (n(P) ≈ 6.5 × 10 16 cm −3 ) natural silicon (4.6 % 29 Si) cut to a 2 × 2 mm wide and 70 µm thick square with the 111 crystal axis perpendicular to the sample surface and parallel to the static magnetic field. The sample was glued on the flat mirror of an open Fabry-Perot cavity [9] of a cryogenic heterodyne EPR spectrometer operating at frequency of 128 GHz [10] of 4.6 T. The spectrometer ensures high enough sensitivity without field or frequency modulation, using a high quality synthesized mm-wave source [11] . To avoid saturation effects for detection of ESR spectrum we used very small excitation powers of the order of several pW. Pumping the ESR transitions in DNP and hole burning experiments was performed at highest available excitation power of 400 nW. Sample cell was cooled to temperatures 0.1-3 K by a dilution refrigerator.
The well known ESR spectrum of 31 P in silicon consist of two lines, separated by 42 G due to hyperfine interaction of donor electron with its own nucleus. The hyperfine level diagram for the system of 31 P electron interacting with its own nucleus is shown with thick lines in Fig.  1A . The superhyperfine interaction with a single 29 Si nucleus leads to a further level splitting, which is shown schematically Fig. 1A . Interaction of the electron with many 29 Si nuclei leads to inhomogeneous broadening of the 31 P ESR line. When the 29 Si spins are unpolarized the ESR linewidth is about 4 G. We note that the spin polarization of the 29 Si energy levels is opposite to 31 P levels due to the negative gyromagnetic factor of 29 Si. Manipulation of nuclear spins can be performed by the well known methods of Dynamic Nuclear Polarization (DNP), utilizing the Overhauser (OE) and Solid (SE) effects. In the OE DNP the allowed ESR transitions are saturated, which is followed by the thermal relaxation via the forbidden transitions involving simultaneous spin flips of electron and nucleus. In the SE the forbidden transitions are excited with high RF power followed by the spin relaxation via the allowed transitions. In strong magnetic field of 4.6 T used in this work the forbidden transitions are well separated from the allowed ones as shown in Fig. 1B . Thus the above mentioned DNP methods can be performed independently, and one may realize resolved OE and SE. In this work we shall consider transitions for the 29 Si:P system which involves changes of the electron spin of the donor and nuclear spin of 29 Si locating nearby. The spin of the donors own nucleus remains unchanged. To avoid confusion we denote spin wave functions for the three spins as |↓⇑⇓ with the arrows pointing the electron, 31 P, and 29 Si spin directions with respect to magnetic field which is directed upwards (see the diagram in Fig. 1A ).
We performed SE DNP on the 29 Sip by pumping one of the four forbidden transitions locating at ±13.9(1) G outside the both ESR lines of 31 P (dotted lines in fig. 1B) with maximum available RF power. The forbidden transitions are too weak to be detected directly with our spectrometer, but the result of the pumping can be well seen in the ESR line. In fig. 2A the low field line is shown after pumping the |↓⇑⇑ → |↑⇑⇓ transition at temperature of 200 mK for 36 min. Subtracting the undisturbed ESR line background reveals the anti-symmetric pattern of peaks (on the left) and holes (on the right) that appeared as a result of the pumping. A similar experiment performed on the other |↓⇑⇓ → |↑⇑⇑ transition located at -13.9 G from the low field line, created a pattern which is opposite to the previous result. In Fig. 2B we present both of the patterns obtained after 200 signal averages for improving the signal-to-noise. The patterns remained unchanged for very long time at temperatures below 0.5 K. We were able to study them for many hours without any significant change. Similar results were also obtained after pumping forbidden transitions near the high field line of 31 P. Appearance of the pattern, as we will show below, is caused by the DNP of 29 Si in certain lattice sites. This is a new and impressive feature of the resolved SE, especially taking into account the relatively weak saturation of the forbidden transitions with the very small ESR power (400 nW) available.
For an explanation of the observed patterns we consider a donor electron spin interacting with N 29 Si nuclei. Energy levels can be found using the following Hamiltonian
(1) Here g e = −1.99875 and g n = −1.11058 are the P elec- tron and 29 Si nuclear g factors, µ b and µ n are the Bohr and nuclear magnetons, S and I are the electron and nuclear spin operators, a k is the Fermi contact interaction and T k is a symmetric tensor of the anisotropic hyperfine interaction. The index k labels different sites in silicon lattice occupied by 29 Si nuclei and the combination of sites is random for each donor. Using the following approximation |g e µ b B| ≫ |g n µ n B| ≫ |a k | ≫ |T k |, and neglecting the anisotropic hyperfine interaction the frequencies of the allowed transitions can be found as (ref. [12, 13] )
with m k = 4m s m I,k = ±1, where m s and m I,k are the magnetic quantum numbers of the electron and nuclear spin in the site k. Each donor in the sample has a different number and configuration of surrounding 29 Si, which we label with N and x. This leads to a spread of the energy levels and inhomogeneous broadening of the allowed and forbidden transitions. Let's consider a flip-flop transition with the flop of a single 29 Si spin in a lattice site l. The frequency is
However, the difference between the forbidden and allowed transition frequencies does not depend on x, or on the states of the nuclei k = l which are not involved in the transition. Indeed, we find from Eqs (2) and (3):
The distance between the allowed and forbidden transition is solely a function of the hyperfine constant for the lattice site l where the nuclear 29 Si spin is flipped. Following the spin transfer path for SE via the flip-flop transition and subsequent electron relaxation (see Fig.  1A ) we expect to find a peak on the left and a hole on the right both separated from the center of the pattern by ±a l /2. For the flip-flip transition the pattern is inverted. This is in very good agreement what we see in the patterns of Fig. 2 .
For calculating the intensities of the flip-flip and flipflop transitions we use the Hamiltonian of Eq. 1. Now we cannot neglect the anisotropic hyperfine interaction as the flip-flip and flip-flop ESR transitions induced by a transversal microwave field would be completely forbidden in this case. However, we can safely neglect the off-diagonal terms of Hamiltonian 1 connecting different S z states [13] and direct interactions between 29 Si spins. Evaluating the transition probabilities for each lattice site k we find the predictions for the SE patterns [Supp. mat. [14] ] which are in good agreement with our observations, as demonstrated in Fig. 3 .
Next, we studied DNP of 29 Si using the Overhauser effect. In our previous work we found that the saturation of high field line of 31 P leads to a fast DNP of the donor nuclei [9] . Since now we are interested in the DNP of 29 Si, the OE experiments were performed on the low field line for which the DNP of 31 P is extremely slow [9] . Saturating an inhomogeneously broadened ESR line at fixed magnetic field implies that the intensity of the ESR signal is strongly reduced due to saturation. A hole appears in the line due to nonequilibrium electron spin state populations of the spin packets which are at resonance. Hole burning experiments on Si:P were previously performed [12, 15, 16] at substantially lower magnetic fields and higher temperatures. Although, several structures were observed in the spectrum, their origin remained unclear. After the excitation is reduced the electron spin states recover to equilibrium due to the spin-lattice relaxation or spin and spectral diffusion. Experiments in low fields did not provide clarification of the actual mechanisms of the hole burning and relaxation [12, 15, 16] .
In this work we performed hole burning experiments with nearly monochromatic excitation source with or without small modulation of the frequency. Detection of the results of hole burning have been performed with very low excitation power without any field or frequency modulation. This allowed to resolve the resulting narrow features after pumping. Results of pumping at the center of the ESR line with the maximum excitation power for several minutes are presented in Fig. 4A . A single hole appeared in the spectrum accompanied with two narrow peaks on both sides. The observed ≈ 15 mG width of the hole corresponds to the individual spin packet width which is given by the transversal relaxation rate of the electron spin T −1 2 ≈ 40 kHz. This value looks reasonable for the sample of silicon with natural abundance of 29 Si [17] . Next, we repeated the pumping with frequency modulated excitation of 100 Hz rate and 100 kHz deviation. This also created a hole and a broader peak at the high field side of the hole, as is seen in Fig. 4B . In either of the cases above we have not observed any pattern of holes and peaks, contrary to the SE DNP experiments. Finally, we performed a FM pumping with the frequency deviation increased to 3 MHz. In this case, a "burnt" window as shown in Fig. 4C was created. The window was accompanied by a strong sharp peak near the right edge and much weaker peak near the left edge of the window. At temperatures below 0.5 K the results of the ESR line pumping: holes, peaks and windows faded out very slowly, with the characteristic time of several hours, much longer than the electron spin-lattice relaxation time T 1 ≈ 0. packets leads, not only to their saturation, but also to redistribution of the 29 Si nuclear spin orientations near the phosphorus donors.
In the explanation of the hole burning experiments we have to take into account the 29 Si nuclear spin diffusion. This process proceeds with rather high rate 10 −14 cm 2 /s in the bulk of silicon crystals, far away from the donors [18] . The spin diffusion is, however, strongly suppressed inside a so-called diffusion barrier which is created by the dipole fields of electron spins near the donors [19] . The size of the diffusion barrier for the samples of natural silicon is about 10 nm, which is much larger than the span of 31 P electron cloud. A weak saturation of the forbidden transitions in the SE experiments does not destroy the electron spin polarization, and the spin diffusion does not influence the 29 Si near the donors. Therefore, in the SE the 29 Si polarization created in the specific lattice sites remains there for a very long time.
In the OE experiment, on the contrary, the allowed transitions are fully saturated and thus the electron spins are depolarized. This quenches the diffusion barrier [19] and allows rapid spreading of the 29 Si polarization. Thus the OE polarization, which arise near the donors in the lattice sites where the 29 Si have the strongest interaction with 31 P electron, is rapidly conducted farther from the donor to the nuclei with weaker interactions. This explains why we do not observe peaks and holes corresponding to 29 Si polarization in distinct lattice sites in the OE DNP experiments. Once the 29 Si nuclear spin gets flipped the donor nearby gets out of resonance. Now the electron spin of this donor relaxes during a charac-teristic time of T 1 ≈ 0.2 s and the spin diffusion barrier starts to develop around the donor. The 29 Si polarization may propagate over a distance of few lattice constants during T 1 before getting frozen. Such redistribution of the 29 Si nuclear polarization under pumping may lead to appearance of sharp peaks near the burnt hole. During a window pumping the donors are not getting out of resonance, but rather remain inside the window and are re-pumped again. That is why the peaks at the sides of the window are much stronger.
Next thing to explain is why we observe a stronger peak at the high field (right) side of the burnt window. Pumping in the ESR line we excite in equal amounts the allowed |↓⇑⇓ → |↑⇑⇓ and |↓⇑⇑ → |↑⇑⇑ transitions. Since the flip-flop relaxation is usually faster than the flip-flip [20] , the OE will enhance population of the |↓⇑⇑ state. Since the |↓⇑⇑ → |↑⇑⇑ occur in higher sweep field, such re-distribution of the spin states leads to the increase of the signal on the right side from the pumping point. Evaluating the ratio of areas on the right and left sides of the pumped window in fig. 4C provides the ratio of the flip-flop relaxation rate to the flip-flip relaxation. Assuming that the 29 Si spins are unpolarized before pumping, we obtain this ratio equal to ∼ 8.
The 15 mG width of the holes in the OE DNP corresponds to the width of the individual spin-packet, which is defined by transversal relaxation rate of donor electrons. Manipulating with 29 Si via the SE should in principle provide the same width of the holes and peaks. However, as one can see from Fig. 2 , the observed ≈ 0.1 G features are substantially broader. This extra broadening can be explained by the drift of the static magnetic field in our superconductive magnet during relatively long pumping time of tens of minutes. We believe that this effect and can be eliminated with better stabilization of the field, or if shorter pumping time can be realized by using more powerful mm-wave source. This will substantially improve the resolution and allow access to a larger number of 29 Si located in distinct lattice sites.
In a conclusion we demonstrated that the Solid Effect DNP can be used for polarization of 29 Si nuclei located in the specific lattice sites near phosphorus donors. Spin diffusion does not destroy the polarization inside the diffusion barriers around donors, which are created by the dipolar fields of the donor electron. On the contrary, in the OE DNP the diffusion barrier is quenched due to saturation of allowed electronic transitions. This leads to a rapid spread of polarization into the remote 29 Si nuclei and is seen as a narrow hole and a peak in the inhomogeneously broadened ESR line shape. The SE DNP demonstrated in our work, opens up possibilities of using ensembles of 29 Si nuclear spins for quantum information storage and processing.
SUPPLEMENTARY MATERIAL Transition probabilities
The Hamiltonian describing superhyperfine level splitting of an electron interacting with a 29 Si nuclei is
is the anisotropic superhyperfine interaction
is the isotropic superhyperfine constant and ψ is the electronic wavefunction. In the matrix form the spin projections are defined as
where ↓ is the electron spin and ⇓ is the 29 Si nuclear spin. Without the anisotropic part the Hamiltonian is
which gives the energy eigenvalues.
The flip-flip and flip-flop transitions gives the separations of the peak patterns in the ESR spectrum. E.g. difference between flip-flop and allowed transition frequency
The components of are listed in Table I . Due to the symmetry of the silicon crystal the lattice sites can be divided into lattice shells (A, B, C, ...) for which theT k tensors are not independent. Every lattice site in the crystal belongs to one of the shells. In addition, each shell can be assigned to one of 4 classes (S 1 , S 2 , S 3 and S 4 ) depending on the symmetry of the shell. There are 6 independent components in T k in most general case which is the class S 4 . For all the other classes only ≤ 4 components are needed. All the closest lattice sites belongs to the first 3 classes (S 1 − S 3 ). The symmetry constraints of T k components for each shell are taken from ref. [21] and together with the requirement of Tr[T ] = 0 all the components of T k can be calculated. These components are listed in Table I for some of the closest shells. Now, if T k is known for any nuclei in a shell, the others can be evaluated by using rotations of the shell class, 
